Introduction
Physical or psychological stressors are known to activate the hypothalamo-pituitary-adrenal axis, which allows the organisms to adapt to changes in the environment (Swanson and Sawchenko, 1983; Kiss and Aguilera, 1993; Aguilera, 1994) . The corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP) in the parvocellular neurons of the paraventricular nucleus (PVN) are the major regulators of ACTH secretion (Gillies et al., 1982; Rivier et al., 1984; Antoni, 1986) . AVP is a weak ACTH secretagogue on its own but potentiates the stimulatory effects of CRH on ACTH release in the corticotroph (Gillies et al., 1982; Rivier et al., 1984; Aguilera, 1994) .
Several lines of evidence suggest that AVP gene is upregulated by cAMP. The promoter of AVP gene contains cAMP response element (CRE), and the promoter activities of transfected AVP gene are upregulated with cAMP in cell lines (Pardy et al., 1992; Iwasaki et al., 1997) . Furthermore, we have shown recently that AVP heteronuclear (hn) RNA, an indicator for gene transcription, is increased with forskolin (FSK) in parvocellular neurons of the PVN in hypothalamic organotypic cultures (Arima et al., 2001) . These data provide convincing evidence that cAMP increases AVP gene transcription. In addition, cAMP reportedly enhances the polyadenylation of AVP mRNA, which is related to the stability of mRNA (Emanuel et al., 1998) , and endogenous AVP mRNA expression is increased with incubation of cAMP in dispersed cultures of rat hypothalamus (Oeding et al., 1990; Emanuel et al., 1992) . Because the amount of mRNA depends on the balance between gene transcription and degradation, these data suggest that cAMP could increase AVP gene transcription and/or mRNA stability.
AVP and CRH in the parvocellular neurons of the PVN are negatively regulated by glucocorticoids (Davis et al., 1986; Sawchenko, 1987a) . The removal of the negative feedback action of glucocorticoids by adrenalectomy resulted in the upregulation of the CRH and AVP gene expression in the parvocellular neurons (Davis et al., 1986; Kovács et al., 1986 Kovács et al., , 2000 Kovács and Mezey, 1987; Sawchenko, 1987a,b; Ma and Aguilera, 1999) . The glucocorticoid receptors (GRs) are expressed in the parvocellular neurons of the PVN (Fuxe et al., 1985; Uht et al., 1988) , and the implantation of glucocorticoid at the PVN level can prevent the expected adrenalectomy-induced expression of CRH and AVP in the parvocellular PVN neurons (Kovács et al., 1986; Kovács and Mezey, 1987; Sawchenko, 1987b) . In primary cultures of the hypothalamus, glucocorticoids have been shown to inhibit synthesis and secretion of CRH and AVP (Hu et al., 1992; Hellbach et al., 1998; Kim et al., 2001) . Although these data suggest that glucocorticoids act at hypothalamic levels to suppress AVP synthesis and release, it remains to be established whether glucocorticoids act directly on parvocellular neurons or indirectly through neural transmission. It is also unclear whether glucocorticoids affect gene transcription or post-transcriptional levels such as mRNA stability.
To address these issues, we investigated the effects of cAMP and glucocorticoids on AVP gene transcription as well as mRNA stability using rat hypothalamic organotypic cultures and in situ hybridization.
Materials and Methods
Slice-explant culture procedure. Hypothalamic slice-explant cultures were performed as described previously (House et al., 1998; Arima et al., 2001 ). Seven-day-old Sprague Dawley rats (Chubu Science Materials, Nagoya, Japan) (lights on from 9:00 A.M. to 9:00 P.M.) were killed by decapitation between 9:00 A.M. and 12:00 A.M., and hypothalamic tissues were sectioned at 350 m thickness on a Mcllwain tissue chopper (Mickle Laboratory Engineering Co., Surrey, UK). Three coronal slices containing the PVN, suprachiasmatic nucleus (SCN) and supraoptic nucleus (SON) were separated and placed in HBSS (Invitrogen, Grand Island, NY) enriched with glucose. Selected sections were trimmed dorsally above the top of the third ventricle and laterally from the SON. Explants from individual rats were placed on 0.4 m Millicell-CM filter inserts (pore size, 0.4 m; diameter, 30 mm; Millipore, Billerica, MA), and each filter insert was placed in a Petri dish (35 mm) containing 1.1 ml of culture medium. Cultures were performed at 36.5°C in 5% CO 2 -enriched air, under stationary conditions.
Medium and incubation. The standard culture medium was composed of 50% Earle's MEM (Invitrogen), 25% heat-inactivated horse serum, 25% HBSS (Invitrogen), 25 U/ml penicillin-streptomycin (Invitrogen), 1 mM L-glutamine (Invitrogen), and 0.5% glucose. The serum-free medium was composed of Neurobasal-A medium (Invitrogen) supplemented with 2% B27 (Invitrogen), 1 mM sodium pyruvate (Invitrogen), 2 mM Gluta MAX I (Invitrogen), 10 mM HEPES (Invitrogen), 0.075% sodium bicarbonate solution (Invitrogen), 0.5% glucose, and 100 U/ml penicillin-streptomycin. Cultures were maintained in the standard medium for 12 d, and the medium was changed to defined serum-free medium for an additional 5 d before subjecting slices to different experimental conditions. The medium was changed three times per week. All experiments were performed on day 17.
Effects of cAMP on AVP mRNA expression. To examine the effects of cAMP on AVP mRNA expression in hypothalamic organotypic cultures, slices were incubated with 10 M forskolin or vehicle [0.1% dimethylsulfoxide (DMSO); Sigma, St. Louis, MO] for 24 hr. To block gene transcription, slices were incubated with 150 M 5,6-dichloro-1-Dribofuranosylbenzimidazole (DRB) (Sigma) dissolved in 0.1% DMSO for 24 hr (Maurer and Wray, 1997a,b) . To determine the effects of cAMP on AVP mRNA expression without gene transcription, slices were pretreated with DRB for 1 hr and incubated with 10 M forskolin or vehicle in the presence of DRB for an additional 24 hr. To determine whether the effects of forskolin on AVP mRNA expression were dependent on action potentials, slices were preincubated with the sodium channel blocker tetrodotoxin (TTX) (1 M; Sankyo, Tokyo, Japan) for 30 min to block synaptic transmission (Wray et al., 1991) and incubated with forskolin or vehicle in the presence of TTX and DRB for an additional 24 hr.
Effects of glucocorticoids on AVP mRNA expression. To examine the effects of glucocorticoids on AVP mRNA expression in hypothalamic organotypic cultures, slices were incubated with 100 nM dexamethasone (DEX) or vehicle (0.1% ethanol) for 24 hr. To determine whether the effects of DEX were dependent on action potentials, slices were preincubated with TTX and then incubated with DEX or vehicle in the presence of TTX for an additional 24 hr. To assess the effects of DEX on AVP mRNA in the absence of transcription, slices were pretreated with DRB for 1 hr and incubated with 100 nM DEX or vehicle in the presence of DRB for an additional 24 hr.
Interaction of cAMP and glucocorticoids on AVP mRNA expression. To determine the possible interaction between cAMP and glucocorticoids on the regulation of AVP mRNA expression, slices were pretreated with 100 nM DEX or vehicle for 1 hr and incubated with 10 M forskolin in the presence of DEX or vehicle for an additional 24 hr. To assess the effects of glucocorticoids on AVP mRNA stability stimulated by cAMP, slices were pretreated with DRB for 1 hr and incubated with 10 M forskolin or vehicle in the presence of DRB and DEX, or DRB and vehicle for an additional 24 hr. To determine whether the effects of DEX on AVP mRNA stability are dependent on action potentials, slices were pretreated with TTX for 30 min and incubated with DEX or vehicle in the presence of forskolin, DRB, and TTX for an additional 24 hr.
Interaction of cAMP and glucocorticoids on AVP hnRNA expression. Slices were pretreated with 100 nM DEX or vehicle for 1 hr and incubated with 10 M forskolin in the presence of DEX or vehicle for an additional 3 hr as a means to assess possible effects of glucocorticoids on AVP gene transcription stimulated by cAMP. Then, to assess whether the effects of DEX were dependent on action potentials, slices were pretreated with TTX for 30 min and incubated with forskolin in the presence of TTX and DEX or TTX and vehicle for an additional 3 hr.
In situ hybridization and quantification. Slices were fixed between 9:00 A.M. and 12:00 A.M. with 4% formaldehyde in PBS for 30 min, washed twice in PBS, mounted onto poly-L-lysine-coated slides, dried, and kept at Ϫ80°C until processed for in situ hybridization.
The rat AVP exonic probe (kindly provided by Drs. Susan Wray and Harold Gainer, National Institute of Neurological Disorders and Stroke, National Institutes of Health, Bethesda, MD) was a 200 bp fragment of the rat AVP cDNA subcloned into pSP64 and linearized by BamHI. The rat AVP intronic probe (kindly provided by Dr. Thomas G. Sherman, Georgetown University, Washington, DC) was a 735 bp fragment of intron 1 of the rat AVP gene subcloned into pGEM-3 and linearized by HindIII. High specific antisense probes were synthesized using 55 Ci [
35 S]UTP and 171 Ci [ 35 S]CTP (PerkinElmer Life Sciences, Natick, MA), a Riboprobe Combination System (Promega, Madison, WI), 15 U of RNAsin, 1 g of linearized template, and 15 U of T7 RNA polymerase for intronic probe or 15 U of SP6 RNA polymerase for exonic probe. After 60 min of incubation at 42°C, the cDNA template was digested with DNase for 10 min at 37°C. Radiolabeled RNA products were purified using quick-spin columns (Roche Diagnostics, Indianapolis, IN), precipitated with ethanol, and resuspended in 100 l of 10 mM Tris-HCl, pH 7.5, containing 20 mM DTT.
Prehybridization, hybridization, and posthybridization procedures were performed as described previously (Arima and Aguilera, 2000) . In brief, after thawing at room temperature, sections were acetylated with 0.25% acetic anhydride in 0.1 M triethanolamine and 0.9% NaCl, pH 8, for 10 min at room temperature. Sections were then dehydrated in 70, 80, 95, and 100% ethanol, delipidated in chloroform, and hybridized overnight at 55°C with 2 ϫ 10 6 cpm of 35 S-labeled probes in 90 l of hybridization buffer (50% formamide, 200 mM NaCl, 2.5 mM EDTA, 10% dextran sulfate, 250 g/ml yeast tRNA, 50 mM dithiothreitol, and 1ϫ Denhardt's solution). At the end of incubation, sections were subjected to consecutive washes in 4ϫ standard saline citrate (SSC) for 15 min at room temperature and 50% formamide and 250 mM NaCl containing dithiothreitol for 15 min at 60°C. After treatment with RNase A (20 g/ml) for 30 min at 37°C, sections were washed with 2ϫ SSC, 1ϫ SSC, and 0.5ϫ SSC for 5 min at room temperature followed by washes with 0.1ϫ SSC containing dithiothreitol for 15 min at 50°C and 0.1ϫ SSC to cool at room temperature and with 70% ethanol for 15 sec. After the final washes, sections were air-dried and exposed to Kodak (Rochester, NY) BioMax MR films for various periods yielding appropriate signal intensities (usually 1 d for mRNA and 3-5 d for hnRNA). The optical densities (ODs) of the autoradiographs were quantified using a computer image analysis system (Imaging Research, St. Catharines, Ontario, Canada) and the public domain NIH Image program (developed at the National Institutes of Health, and made available for downloading at http://rsb.info.nih.gov/nih-image).
Changes in AVP mRNA and AVP hnRNA levels after treatment were quantified by measurements of the integrated OD (OD ϫ area) of the film images. The total sum of OD signals of AVP mRNA and AVP hnRNA in the bilateral PVN and SCN in the sections from each rat was used in the analysis. The data on expression levels were normalized with control cultures, and statistical analyses were performed with ANOVA followed by Fisher's protected least significant difference (PLSD) test. Results are expressed as means Ϯ SE, and differences were considered statistically significant at p Ͻ 0.05.
Results
Effects of cAMP on AVP mRNA expression As reported previously (Arima et al., 2001) , only parvocellular neurons could survive well in the organotypic culture under the conditions used. Thus, the AVP mRNA was expressed in the SCN and PVN but not in the SON under basal conditions (data not shown). Incubation with TTX alone did not significantly affect AVP mRNA expression levels in the PVN or SCN (Fig. 1) . AVP mRNA expression levels in the PVN and SCN were increased significantly with forskolin treatment (Fig. 1) , indicating that cAMP upregulates AVP mRNA expression in both nuclei. Because we have already shown that forskolin could increase AVP gene transcription in PVN and SCN in hypothalamic organotypic cultures (Arima et al., 2001 , we next examined whether forskolin may also affect mRNA stability using DRB, which has been shown to inhibit gene transcription (Maurer and Wray, 1997a,b) . Treatment with DRB for 24 hr almost completely abolished the basal AVP hnRNA expression in the SCN as well as the forskolin-stimulated AVP hnRNA expression in PVN and SCN (data not shown), and quantitative analyses with prolonged exposure of the autoradiographs revealed that AVP hnRNA levels were Ͻ1% in DRB compared with control. Incubation with DRB for 24 hr significantly decreased AVP mRNA expression in the absence or presence of TTX in both PVN and SCN (Fig. 1C,D) . In the presence of DRB, FSK treatment increased AVP mRNA levels significantly in the PVN but not in the SCN (Fig. 1C,D) , suggesting that AVP mRNA stability in the PVN is increased by cAMP. To determine whether the action of forskolin on AVP mRNA stability is dependent on action potentials, we did so in the presence of TTX. Forskolin treatment increased AVP mRNA expression in DRB significantly in the PVN but not in the SCN even in the presence of TTX (Fig. 1C,D) , indicating that the action of FSK on AVP mRNA stability in the PVN is independent of action potentials.
Effects of glucocorticoids on AVP mRNA expression AVP mRNA expression levels in the PVN but not in the SCN were decreased significantly with incubation of DEX for 24 hr in the absence of TTX (Fig. 2 A,B) , suggesting that glucocorticoids negatively regulate AVP gene expression exclusively in the PVN. In contrast, AVP mRNA expression levels in the PVN or SCN were not decreased significantly by incubation with DEX in the presence of TTX (Fig. 2 A,B) . These results suggest that the inhibitory action of DEX on AVP mRNA expression is dependent on action 
or TTX (C, D). AVP mRNA expression was examined in the PVN (A, C) and SCN (B, D).
Statistical analyses were performed with ANOVA followed by Fisher's PLSD test. The mean AVP mRNA expression levels in control are expressed as 100. The results are expressed as means Ϯ SE (n ϭ 10). ns, Not significant. potentials. The effects of DEX were also examined in the presence of DRB to determine whether they could decrease AVP mRNA expression in the absence of gene transcription. As shown in Figure 2 , DEX treatment did not affect AVP mRNA levels significantly in the PVN or SCN in the presence of DRB.
Interaction of cAMP and glucocorticoids on AVP gene expression
To elucidate how glucocorticoids interact with cAMP to regulate AVP gene expression, we first examined the effects of DEX on AVP mRNA expression stimulated by forskolin. As shown in Figure 3 , incubation with DEX significantly but not completely decreased forskolin-stimulated AVP mRNA expression in the PVN but not in the SCN. To determine whether glucocorticoids could inhibit AVP gene transcription induced by cAMP, we examined the effects of DEX on AVP hnRNA expression induced by forskolin. DEX treatment reduced forskolin-induced AVP hnRNA expression in PVN to 33% (Fig. 4 A) . In contrast, DEX treatment did not significantly affect the AVP hnRNA expression in the SCN (Fig. 4 B) , suggesting that the action of DEX is specific to the PVN. DEX treatment also significantly decreased forskolin-induced AVP hnRNA levels in the PVN but not in the SCN in the presence of TTX (Fig. 4C,D) , indicating that the inhibitory action of DEX on AVP hnRNA expression in the PVN was independent of action potentials. Next, the effects of DEX on AVP mRNA expression stimulated by forskolin in the presence of DRB were investigated to determine whether glucocorticoids could affect mRNA stability increased by cAMP. In contrast to the basal conditions (Fig. 2) , DEX treatment significantly decreased forskolin-stimulated AVP mRNA expression in the presence of DRB in the PVN but not in the SCN (Fig. 5A,B ). DEX treatment with DRB also significantly decreased the forskolinstimulated AVP mRNA expression in the PVN but not in the SCN in the presence of TTX (Fig. 5C,D) , indicating that the action is independent of action potentials. Representative autoradiographs are shown in Figure 6 .
Discussion
In the present study, we examined AVP gene regulation by cAMP and glucocorticoids in the parvocellular neurons of the PVN in organotypic cultures. Our data showed that cAMP could increase not only AVP gene transcription but also mRNA stability and that glucocorticoids inhibited gene transcription and decreased mRNA stability. Our data also suggest that cAMP and glucocorticoids interacted to regulate AVP gene expression in the parvocellular neurons of the PVN. In previous studies (Arima et al., 2001 , we have shown that: (1) AVP hnRNA is expressed robustly in the SCN but not in D) . Statistical analyses were performed with ANOVA followed by Fisher's PLSD test. The mean FSK-stimulated AVP hnRNA expression levels in the absence of TTX are expressed as 100 for PVN ( A) and shown as a dotted line in C. However, the mean AVP hnRNA levels in control are expressed as 100 for SCN ( B) and shown as a dotted line in D. As reported previously (Arima et al., 2001 , TTX treatment alone did not significantly affect AVP hnRNA expression induced by FSK in PVN ( C), whereas it significantly decreased ( # p Ͻ 0.05) the basal AVP hnRNA expression in SCN ( D). The results are expressed as means Ϯ SE (n ϭ 10). ns, Not significant; u.d., undetectable.
the PVN under basal conditions, (2) forskolin treatment induced AVP hnRNA expression in the PVN, and the action was independent of action potentials, (3) effects of forskolin on AVP hnRNA expression in the SCN were dependent on time examined, and (4) TTX treatment decreased AVP hnRNA expression levels in the SCN and forskolin increased AVP gene transcription in TTX. In the present study, we extended the findings and showed that the increased gene transcription is accompanied by increased mRNA expression in the SCN and PVN (Fig. 1) . Furthermore, we demonstrated that forskolin also increased AVP mRNA stability in the PVN, and that the action is independent of action potentials (Fig. 1) . Song et al. (2001) showed in explants of the hypothalamo-neurohypophyseal system that contained the SON and SCN but not the PVN that AVP mRNA expression was decreased by cAMP in the presence but not in the absence of actinomycin. This was interpreted as indicating that cAMP increased AVP mRNA turnover. In the present study, the stimulatory effects of forskolin on AVP mRNA stability were seen in the PVN but not in the SCN (Fig. 1C,D) . Therefore, the discrepancy between studies might be attributable to the differential regulation of AVP gene between magnocellular and parvocellular neurons.
AVP mRNA as well as hnRNA expression is extremely low in the parvocellular neurons of the PVN in basal conditions in vivo (Kovács et al., 1986 (Kovács et al., , 2000 Sawchenko, 1987a,b) . However, once circulating glucocorticoids are removed by adrenalectomy, the robust expression of both mRNA and hnRNA is induced, suggesting the tonic inhibition of AVP gene expression by glucocorticoids (Kovács et al., 1986 (Kovács et al., , 2000 Sawchenko, 1987a,b) . Although glucocorticoids may act on extrahypothalamic sites such as the hippocampus to regulate AVP and CRH gene expression in the PVN (Kovács and Mezey, 1987; Sapolsky et al., 1990; Herman et al., 1992) , our data showed that glucocorticoids act at hypothalamic levels to suppress AVP gene expression. Furthermore, experiments using TTX suggest that glucocorticoids inhibit AVP gene expression in the PVN indirectly through neural transmission if cells are not stimulated by cAMP (Fig. 2 A) . Indirect effects of glucocorticoids on AVP gene expression were also suggested in a previous paper, in which adrenalectomy-induced AVP mRNA expression in the parvocellular neurons was modulated by synaptic inputs (Baldino et al., 1988) . One of the candidates for the inhibitory neurotransmitters is GABA, which is shown to exist throughout the hypothalamus (Decavel and van den Pol, 1992; Keim and Shekhar, 1996; Mikló s and Kovács, 2002) . GABA inhibits the release of CRH and/or AVP in vivo and in vitro (Plotsky et al., 1987; Calogero et al., 1988; Hillhouse and Milton, 1989; Otake et al., 1991; Mikló s and Kovács, 2002) , whereas GABA A antagonists increase CRH and AVP expression in the parvocellular PVN neurons (Cole and Sawchenko, 2002) . Therefore, it is possible that DEX treatment in the present study suppressed AVP mRNA expression by inducing the release of GABA from adjacent neurons, although further study would be necessary to prove this hypothesis.
Several stressors such as restraint and ether are known to stimulate AVP as well as CRH expression in the parvocellular neurons of the PVN in vivo (deGoeij et al., 1991 (deGoeij et al., , 1992 Kiss and Aguilera, 1993; Aguilera, 1994; Kovács et al., 2000) . In these conditions, circulating glucocorticoids are elevated (deGoeij et al., 1991; Kiss and Aguilera, 1993; Aguilera et al., 1994) and are supposed to counter-regulate the AVP and CRH expression. In the present study, we have shown that AVP expression induced by cAMP is attenuated by glucocorticoids. In contrast to the experimental conditions without forskolin (Fig. 2 A) , glucocorticoids could act on AVP cells independently of action potentials to inhibit the gene transcription stimulated by cAMP (Fig. 4C) . These findings are consistent with a previous study in cell lines (Iwasaki et al., 1997) and strongly suggest a regulatory link between cAMP and glucocorticoids in the AVP cells. The AVP promoter contains CRE sites (Pardy et al., 1992; Iwasaki et al., 1997) , and phosphorylated cAMP response element-binding protein is supposed to stimulate AVP gene transcription by binding to CRE sites (Kovács and Sawchenko, 1996) . However, it is controversial whether glucocorticoid response elements (GREs) exist in the AVP promoter (Burke et al., 1997; Iwasaki et al., 1997) . Even if the promoter does not contain negative GRE sites, glucocorticoids might interact with transcriptional factors to suppress gene transcription (Guardiola-Diaz et al., 1996; Iwasaki et al., 1997; Kovács, 1998; Malkoski and Dorin, 1999) . Because DEX did not show significant effects on basal AVP mRNA expression in the presence of TTX (Fig. 2 A) , protein-protein interactions between GR and transcriptional factors activated by cAMP, rather than direct binding of GR to GRE, might be involved in the regulation of AVP gene transcription shown in the present study.
Glucocorticoids have been also implicated in the regulation of mRNA stability for many genes (Paek and Axel, 1987; Petersen et al., 1989; Lasa et al., 2001 ). Although the mechanisms by which glucocorticoids regulate the stability of mRNA are not well understood, 3Ј untranslated regions (UTRs) have been shown to play important roles in determining the degradation rates of mRNA (Garcia-Gras et al., 2000; Dodson and Shapiro, 2002) . In contrast, cAMP is reported to cause elongation of poly(A) tail (Emanuel et al., 1998) , upregulate several proteins that bind to 3Ј UTR (Skalweit et al., 2003) , and increase the binding of the proteins to the 3Ј UTR (Loflin and Lever, 2001) . In the present study, glucocorticoids had inhibitory effects on AVP mRNA stability only when the stability was increased by cAMP. These data indicate that interactions between cAMP and glucocorticoids exist at not only the transcriptional but also the posttranscriptional level, although further study is necessary to elucidate the detailed mechanism.
It is noteworthy that the inhibitory effects of DEX on AVP gene expression were seen in the PVN but not in the SCN in the present study. The SCN is a center of circadian rhythm in mammals (Inouye and Kawamura, 1979; Reppert and Weaver, 2001) , and AVP release and gene expression in the SCN are reported to show a circadian rhythm both in vivo and in vitro (Burbach et al., 1988; Ingram et al., 1998; Arima et al., 2002; Yambe et al., 2002) . Previous studies have suggested that glucocorticoids, which are also known to show a circadian rhythm in the periphery (Mills, 1966; McNatty et al., 1972) , might affect AVP neurons in the SCN (Robinson et al., 1983; Isobe and Isobe, 1998) . Although our data do not exclude such a possibility, the clear differences in the effects of DEX on AVP gene expression between the PVN and the SCN suggest that glucocorticoids are not the major regulator of AVP gene expression in the SCN.
In conclusion, cAMP was able to increase AVP gene transcription and mRNA stability, and glucocorticoids inhibited AVP gene expression in the parvocellular neurons of the PVN. The mode of glucocorticoid action depends on whether cells are stimulated by cAMP, and regulatory interactions between cAMP and glucocorticoids in the AVP cell encompass both the gene transcription and mRNA stability.
